SUMMARY
Maize abnormal chromosome 10 (Ab10) encodes a classic example of true meiotic drive that converts heterochromatic regions called knobs into motile neocentromeres that are preferentially transmitted to egg cells. Here, we identify a cluster of eight genes on Ab10, called the Kinesin driver (Kindr) complex, that are required for both neocentromere motility and preferential transmission. Two meiotic drive mutants that lack neocentromere activity proved to be kindr epimutants with increased DNA methylation across the entire gene cluster. RNAi of Kindr induced a third epimutant and corresponding loss of meiotic drive. Kinesin gliding assays and immunolocalization revealed that KINDR is a functional minus-enddirected kinesin that localizes specifically to knobs containing 180 bp repeats. Sequence comparisons suggest that Kindr diverged from a Kinesin-14A ancestor $12 mya and has driven the accumulation of > 500 Mb of knob repeats and affected the segregation of thousands of genes linked to knobs on all 10 chromosomes.
INTRODUCTION
Mendel's first law posits that the two alleles at a locus segregate equally during meiosis. Nevertheless, in cases of meiotic drive, genes have evolved to change the mechanics of meiosis or the survival of gametes after meiosis to increase their representation in progeny (Burt and Trivers, 2006; Lindholm et al., 2016) . While deviations from normal meiosis can arise as a passive outcome of translocations or differences in chromosome size (Sandler and Novitski, 1957) , the term meiotic drive usually refers to highly evolved systems that require active genes. The best understood meiotic drive systems are the segregation distorter (SD) system in Drosophila and the t-haplotype in mouse. The SD system involves the interaction of a mutant form of a nuclear transport protein with a simple repetitive sequence that results in failed sperm development (Larracuente and Presgraves, 2012) , whereas the t-haplotype involves mutations in a pathway that regulates the phosphorylation of microtubules (presumably impacting the function of sperm tails) and a drive locus that ameliorates this effect (Herrmann et al., 1999) . In both cases, the critical defects are not apparent until after meiosis is complete, at which point the sperm that lack meiotic drive loci fail to function normally. Similar principles have been used to engineer artificial drive systems that reduce the fitness of offspring that do not inherit the construct (Champer et al., 2016; Chen et al., 2007) . A recurring theme in these and other meiotic drive systems is the involvement of at least two genetically linked factors, a drive gene and a responder locus. The two loci cannot be recombined from each other or the system loses its potency; hence naturally occurring meiotic drive systems are often encompassed within a haplotype defined by an inversion (Burt and Trivers, 2006) .
Examples of meiotic drive that directly affect the process of meiosis are relatively rare. In this category are two cases of centromere drive, where larger centromeres are presumed to exploit natural asymmetries in spindle morphology (Henikoff et al., 2001; Zwick et al., 1999) to affect preferential transmission (Akera et al., 2017; Chmá tal et al., 2014; Fishman and Saunders, 2008) . The only known example of a true meiotic drive system with linked drive and responder loci similar to SD and the t-haplotype is encoded by maize abnormal chromosome 10 (Ab10) (Rhoades, 1942) . The mechanism of Ab10-mediated drive involves the conversion of normally inert heterochromatic regions called knobs into motile ''neocentromeres'' that move rapidly toward spindle poles at meiosis I and II (Rhoades and Vilkomerson, 1942) . Knobs are found on Ab10 and many other locations on other chromosomes (Figures 1B and 1C) in maize and its wild relative teosinte (Kato, 1976) . In the presence of Ab10, all knobs are actively transported along microtubule sidewalls, moving earlier and faster than centromeres (Yu et al., 1997) by a mechanism that does not involve any of the known centromere/kinetochore proteins (Dawe and Hiatt, 2004) . This suggests that Ab10 encodes one or more novel trans-acting factors that act specifically on knobs.
Marcus Rhoades proposed that neocentromeres form the mechanistic basis for the observation that Ab10 is preferentially transmitted to progeny when crossed as a female (Rhoades, 1952) . He envisioned a model whereby a crossover event must first occur in the region between the centromere and knob in a heterozygous individual so that chromosomes in meiosis I contain one knobbed and one non-knobbed sister chromatid ( Figure 1D ). Subsequent neocentromere activity pulls the knobs to spindle poles ahead of the centromeres (Yu et al., 1997) , creating an outward orientation that ultimately delivers knobbed chromatids to the upper and lower cells of the linear tetrad. Because the lower cell develops into an egg during female gametogenesis, Ab10 and other knobs are preferentially segregated to progeny. Ab10 can be transmitted from the female parent at levels as high as 83% by this mechanism (Buckler et al., 1999) , as can all other knobs heterozygous in the same female parent (Dawe and Hiatt, 2004; Kanizay et al., 2013a; Rhoades and Dempsey, 1985) . Ab10 has therefore substantially impacted the architecture of the maize genome, both by supplying the selective force for the emergence and maintenance of knobs (Buckler et al., 1999) and by preferentially transmitting alleles linked to knobs.
Here, we used genomic approaches to identify a previously unknown $1 Mb region containing a cluster of at least eight tandemly arrayed copies of a specialized kinesin gene called Kinesin driver (Kindr) . Two Ab10 mutants previously selected for their lack of meiotic drive proved to be stable kindr epimutants showing accumulation of new small interfering RNAs (siRNAs) and increased DNA methylation. RNAi of Kindr recapitulated this phenotype, proving that Kindr is required for neocentromere activity and meiotic drive. In vitro gliding assays demonstrated that KINDR is a strong minus-end-directed motor, and immunolocalization revealed that KINDR interacts specifically with neocentromeres containing 180 bp knob repeats. Sequence analysis and dating of the Kindr complex shows it evolved in the last 12 mya but is undergoing a process of expansion and homogenization consistent with selection for multiple functional copies of the tandem array. Finally, we measured the overall impact of Kindr on the maize genome by quantifying knob repeat abundances and estimating the effect of knobs on the diversity of knob-linked alleles.
RESULTS

Identification of the Kindr Complex
Abnormal chromosome 10 differs from normal chromosome 10 (N10) by an extended long arm with four knobs (Longley, 1938) . Operationally, the extra segment is marked on the left side by a gene called R that confers kernel color. Approximately 1 cM on the right (telomere) side of R, recombination between Ab10 and N10 is blocked due to the presence of several nested inversions that include hundreds of genes from N10 (Mroczek et al., 2006) (the shared region; Figure 1A ). Between R and the shared region are three small knobs containing a 360 bp knob repeat known as TR1 and a closely linked trans-acting factor that converts knobs containing TR1 repeats into neocentromeres (Hiatt et al., 2002) . At the end of the chromosome is a large knob containing 180 bp knob repeats and a factor that converts knobs containing 180 bp repeats into neocentromeres (Hiatt et al., 2002) . Both neocentromere-activating factors are sequence-specific, trans-activating only one form of knob repeat (either TR1 or 180 bp repeat) and not the other (Hiatt et al., 2002; Kanizay et al., 2013a) . However, only the factor that activates neocentromeres containing 180 bp repeats is required for meiotic drive. TR1 neocentromere activity, while required to mobilize knobs that are composed entirely of TR1 repeats, is apparently dispensable for the meiotic drive of Ab10 (Mroczek et al., 2006) .
Numerous terminal deficiencies of Ab10 have been described (Hiatt and Dawe, 2003; Mroczek et al., 2006; Rhoades and Dempsey, 1985) . Among these is a deletion called Ab10-Df(L) that retains most of the haplotype including the large knob but is missing the terminal ''distal tip'' of the chromosome (Hiatt and Dawe, 2003) . Ab10-Df(L) is defective for meiotic drive (shows Mendelian segregation), indicating that at least one factor required for meiotic drive is present in the distal tip. Analysis of Ab10-Df(L) at meiosis revealed clear neocentromere activity at TR1 repeats but an absence of neocentromere activity at 180 bp repeats ( Figure S1B ). To identify the presumptive 180 bp neocentromere factor, we extracted mRNA from the anthers (containing meiotic cells) of plants carrying Ab10 and Ab10-Df(L). We then used RNA sequencing (RNA-seq) to identify transcripts present in Ab10 and absent in Ab10-Df(L). Primers for 31 of the most highly expressed of these transcripts were used to test whether the sequence was present in genomic DNA from Ab10 and absent in the genome of N10 and Ab10-Df(L) lines. Nine of the primer pairs fit these criteria, indicating they identify sequences from the distal tip. Eight of the transcripts have no coding capacity while the ninth is an intact kinesin-14A homolog we refer to as Kinesin driver (Kindr). The closest maize homolog of Kindr is ZmKin11 (Figure 2A ), a gene previously described only by sequence (Lawrence et al., 2002) that lies on the short arm of chromosome 7. Like ZmKin11, Kindr is expressed throughout the plant, including seedlings, young ears, and anthers.
To characterize the genomic sequence of Kindr we probed a BAC library with 43 coverage from a maize line containing Ab10 (Kanizay et al., 2013b) . This experiment revealed 23 BAC clones containing Kindr, six times more than expected for a single gene. The BACs were skim sequenced and placed into groups with different Kindr genes, and eight BACs chosen for full sequencing using PacBio technology. We ultimately identified eight different Kindr genes in five BAC contigs, where six are fully sequenced and two are partially sequenced ( Figure 2B ). Bionano optical mapping technology (Udall and Dawe, 2018) was then used to orient the BAC contigs relative to each other, revealing that the eight Kindr genes are tandemly clustered in an $1 Mb region. The optical map also suggested the presence of a ninth copy (between Kindr-B2 and B9; Figure 2B ). The genes are similar in overall structure but can be divided into four classes by SNP profiles (B2/E9/B9, B1/G11, C4/F6, and B10). RNA-seq revealed that three of the classes are expressed (see below). The Kindr-B10 gene is not expressed, most likely because there is a large (4.5 kb) Robertson's mutator transposable element 74 bp upstream of the transcription start site.
Two Mutants of Meiotic Drive Are Kindr Epimutants
Large-scale mutant screens identified two suppressor of meiotic drive mutants (Ab10-smd1 and Ab10-smd12) that are defective for meiotic drive but retain a cytologically intact Ab10 chromosome (Dawe and Cande, 1996) (STAR Methods). Ab10-smd1 and Ab10-smd12 were identified in different screens and are not related by pedigree. Cytological analysis revealed that both mutants are deficient for neocentromere activity at 180 bp repeats but retain activity for TR1 repeats similar to Ab10-Df(L) ( Figures 2C and S1B ). In addition, both mutants showed a dramatic loss of Kindr expression. qRT-PCR analysis of mRNA extracted from leaves and anthers of the Ab10-smd1 mutant revealed a >84% reduction in Kindr expression relative to the progenitor Ab10 line ( Figure 2D ). RNA-seq of the same anther mRNA revealed that the relative expression of the B2/B9/E9, B1/G11, and C4 classes were indistinguishable in the Ab10 and Ab10-smd1 lines, even though overall expression was reduced in Ab10-smd1 by 92%. In ear tissue from an early generation of Ab10-smd12 (two generations removed from its discovery), we observed $95% reduction of Kindr expression ( Figure S1C ), whereas in leaves and anthers from an Ab10-smd12 line that had been propagated for five generations, we observed a near complete absence of expression (Figures 2D and 2E) . These data indicate that the Ab10-smd1 and Ab10-smd12 mutations cause uniform silencing of all the genes in the Kindr complex.
To address the possibility that the reduced Kindr expression in Ab10-smd1 and Ab10-smd12 reflected structural changes in the Kindr complex, we resequenced the mutant lines and identified unique markers for each Kindr BAC contig. This analysis revealed that the entire Kindr complex was present in both mutants and that there are no apparent differences in the copy numbers of the constituent Kindr genes. We also considered whether transposon-induced mutations may have effected Kindr expression, because the genetic screens that gave rise to Ab10-smd1 and Ab10-smd12 were carried out in a background with active transposons in the Robertson's mutator (Mu) family. However, we undertook multiple extensive searches for Mu elements using Southern blot strategies (for Ab10-smd1) and modern Mu-targeted sequencing methods (Williams-Carrier et al., 2010) for Ab10-smd1 and Ab10-smd12 and found no new Mu elements linked to these mutations.
An alternative interpretation is that the multiple copies of Kindr are repressed in Ab10-smd1 and Ab10-smd12 by trans-acting silencing signals such as small RNAs (Cuerda-Gil and Slotkin, 2016) . We addressed this possibility by sequencing small RNAs and analyzing the data on a metagene plot representing the entire Kindr complex (due to sequence similarity among Kindr genes, it is not possible to analyze each gene independently). The results revealed a peak of 24-nt siRNAs in the Ab10 progenitor $150 bp upstream of the Kindr transcription start site ( Figures 3A, 2SA , and 2SB). This upstream peak of siRNAs is typical of active genes in maize (Gent et al., 2013) . However, in early generation Ab10-smd12 tissue, two unusual peaks of siRNAs were observed over the promoter and first intron ( Figures 3A and 3C ). Similar new peaks were observed in the Ab10-smd1 mutant ( Figure S2B ). However, in late-generation Ab10-smd12 plants there were few if any Kindr siRNAs ( Figure S2B ) consistent with the lack of Kindr expression ( Figures  2D and 2E) .
The observed changes in small RNA profiles suggest an ongoing process of RNA-dependent DNA methylation, where Figure S1 ). In N10 cells, centromeres lead chromosome movement, whereas in Ab10 cells the centromeres trail knobs. In Ab10-smd12, Ab10-smd1, and Ab10-Df(L), knobs containing 180 bp repeats fail to move while TR1-containing knobs are motile. Scale bar, 5 mm. small RNAs serve as transient messengers in a process that leads to stable and heritable changes at the DNA level (Cuerda-Gil and Slotkin, 2016) . Small RNAs are most commonly associated with methylation in the CHH context (mCHH, where H indicates A, T, or C) (Law and Jacobsen, 2010) . Whole genome bisulfite sequencing revealed a pattern of mCHH matching the accumulation of siRNAs in both Ab10 and early generation Ab10-smd12 lines ( Figures 3B and 3D ). In addition, Ab10-smd12 showed increased mCG in the promoter ( Figure 3C ) and increased mCHG across most of the gene body ( Figure 3B ) as is typical of genes with low expression (Gent et al., 2013; Niederhuth et al., 2016) . Targeted bisulfite sequencing of the Ab10-smd1 mutant revealed increases in mCHG similar to that observed in Ab10-smd12 ( Figure S3 ). These data indicate that Ab10-smd1 and Ab10-smd12 are epimutants, where the observed decreases in gene expression are enforced by changes in DNA methylation.
RNAi of Kindr Results in a Third Stable Epimutant
As an independent test of the role of Kindr in meiotic drive, we transformed plants with an RNAi construct directed against the first and second exon of Kindr. RNAi generally acts post-transcriptionally to cause a knockdown of gene expression, so we expected a reduction of meiotic drive in these lines. Two of five independent RNAi lines showed the expected reduction in preferential transmission. Kernels from one of these ears were planted and grown to the seedling stage where we observed significant reductions in Kindr expression in all plants that inherited the RNAi construct ( Figure 4 ). However, there were also plants that had lost expression of Kindr (>1,000-fold reduction) even though the original RNAi inducer had been segregated away.
In these cases, RNAi may have induced RNA-dependent-DNA methylation (RdDM) and stable transcriptional inactivation (Cuerda-Gil and Slotkin, 2016) . This was shown to be the case when one plant with low Kindr expression and no RNAi construct (DH194-N3) failed to show meiotic drive after being testcrossed. We then grew progeny from DH194-N3 to confirm this result in the next generation, where the results revealed an average of 54.2% transmission (eight ears, 2,257 kernels), which is slightly higher than the Mendelian expectation but far lower than expected for Ab10. The Ab10-smd1 mutant shows similar transmission levels of $55.4% (Dawe and Cande, 1996) . The new stable kindr epimutant was renamed Ab10-ki1. Young ears carrying Ab10-ki1 were processed for whole genome bisulfite sequencing. The data revealed high levels of mCG over the entire promoter region and a near-complete loss Figure S2C for a similar display of the methylation peak in the first intron.
of the upstream mCHH peak. There were also changes in mCHG over the gene body and a spike of mCHH in the intron as observed in Ab10-smd12, all consistent with a loss of expression. Because the RNAi construct that induced Ab10-ki1 was directed against the first and second exon, these data suggest that RNAi triggered another form of heritable gene silencing that impacted the chromatin structure of the entire gene. Taken together, the data firmly establish the importance of Kindr in meiotic drive, as genetic screens targeting meiotic drive (Ab10-smd1, Ab10-smd12) implicated Kindr, and targeting Kindr by RNAi (Ab10-ki1) resulted in a loss of meiotic drive.
KINDR Is a Functional Minus-End-Directed Kinesin
Phylogenetic analysis revealed that Kindr belongs to the kinesin-14A family of kinesins ( Figure S4A ). Kinesin-14A family members generally move toward the minus (spindle pole) ends of microtubules, generating the directionality needed for neocentromere movement (Ambrose et al., 2005; Jonsson et al., 2015) . To determine whether KINDR and ZmKIN11 are authentic motors with minus-end-directed motility, we purified bacterially expressed GFP-KINDR and GFP-ZmKIN11 and performed in vitro ensemble microtubule-gliding experiments using total internal reflection fluorescence (TIRF) microscopy. The results showed that similar to other kinesin-14 motors, GFP-KINDR and GFPZmKIN11 both exhibit minus-end-directed motor activity, propelling microtubules to glide along a surface with bright plusends leading and dim minus-ends trailing ( Figure 5A ). Quantitative histogram analysis revealed that the microtubule-gliding velocity of GFP-KINDR was nearly twice that of GFP-ZmKIN11 ( Figure 5B ). These data indicate that KINDR is a functional kinesin-14 motor, and that at least under in vitro conditions, it can generate faster movement than its closest maize homolog.
KINDR Localizes Specifically to Neocentromeres Containing 180 bp Knob Repeats
If KINDR provides the mechanical force for neocentromere motility, it should interact directly with knobs containing 180 bp repeats but not those containing TR1 repeats. To test this hypothesis, we raised polyclonal antibodies to the 30-aa region of the N terminus that differentiates KINDR from ZmKIN11 (Figure 2A) . Protein blot analysis revealed that the antibodies recognize a single protein of roughly the predicted size that is present in Ab10 lines but absent in sibling N10 lines ( Figure 5C ). We observed strong signal in young ear tissue (that is composed primarily of actively dividing mitotic cells), less signal in meiotically staged anthers, and no evidence of the protein in young differentiated leaves.
Immunolocalization of KINDR at meiosis revealed bright staining on neocentromeres ( Figure 5D ). The staining was observed on knobs as early as meiotic prometaphase and was most pronounced at metaphase and anaphase of meiosis I and II, consistent with the observed activity of neocentromeres (Yu et al., 1997) . We then combined KINDR immunolocalization with FISH for the two knob repeats. Although the signals are weaker following this protocol, the data clearly show that KINDR colocalizes with knobs containing 180 bp repeats and is absent from knobs containing TR1 repeats ( Figure 5E ).
Evolution of Kindr
Kindr shares $94% amino acid identity with its closest maize homolog ZmKin11. There is also a second, more distantly related maize homolog called Divergent spindle-1, which is known to function in meiotic spindle morphogenesis (Higgins et al., 2016) (Figure S4A ). The largest structural differences between Kindr and ZmKin11 are in the N-terminal cargo-binding domain, where Kindr has sustained a rearrangement that results in a duplication and addition of novel coding sequence (Figures 2A  and S4B ). In addition, $50% of the coiled-coil stalk of Kindr has been deleted (exons 2-5 of ZmKin11). While these changes suggest adaptation to a novel cargo such as knobs or knobbinding proteins, there is little evidence that this region is under strong selection: analysis of the branch subtending Kindr revealed evidence of diversifying selection on 2% of sites throughout the protein, but only one of these sites is in the duplicated and diverged N-terminal tail ( Figure S4C ).
Knobs similar to those in maize are observed in Tripsacum dactyloides (Lamb and Birchler, 2006) , which diverged from maize $1 mya (Ross-Ibarra et al., 2009), but not in Sorghum bicolor, which diverged from maize at least 12 mya (Swigonová et al., 2004) . Phylogenetic analysis of Kindr is consistent with this history (Figures 6A and S4A) , showing a divergence time of $11.8 mya from ZmKin11 (95% highest posterior density [HPD] 9.9-13.8 mya). Additionally, the sequenced Tripsacum line (Chia et al., 2012) contains both a ZmKin11 homolog and a Kindr homolog, suggesting that the Ab10 system may be active in this species. A detailed analysis of the eight sequenced Kindr genes in maize shows evidence of recent expansion and homogenization within the Kindr complex. The earliest divergence between tandem Kindr copies occurred $500 kya (95% HPD 296-733 kya), with subsequent duplications generating the existing tandem array by $40 kya (95% HPD 1-95 kya) ( Figure S5 ; Table S1 ). Comparisons among haplotype blocks suggest that both unequal crossing over and gene conversion have contributed to homogenizing the tandem array ( Figure 6A ).
We also identified a tandem array of degenerate non-coding Kindr fragments on the end of N10 (in the shared region; Figure 1A) that appear to have diverged from Kindr more than 9 mya (95% HPD 7.2-9.4 mya, Figures S6A and S6B). Only exons 2-6 (primarily the coiled-coil region) of Kindr are present in this ''pseudo-Kindr'' array, and six copies of the sequence are duplicated and inverted in a head to tail arrangement ( Figure S6A ). The pseudo-Kindr array produces a large number of siRNAs (1.2% of all siRNAs in developing ears of the B73 inbred), many of which perfectly align to Kindr genes ( Figure S6C ), and could, in principle, impact the function or epigenetic stability of Kindr. However, the effect on Kindr may be limited, as Ab10 shows strong meiotic drive in the B73 background and prior data indicate that changing the dosage of N10 (as zero, one, or two copies) does not affect neocentromere activity (Mroczek et al., 2006) .
Estimating the Genome-wide Impact of Kindr Ab10 affects genome architecture by driving the accumulation of knob repeats (Buckler et al., 1999) and by changing the segregation patterns for alleles linked to knobs (Rhoades and Dempsey, 1985) . Prior data indicate that knob repeats, particularly 180 bp knob repeats, can occupy as much as 8% of the maize genome (Dennis and Peacock, 1984) . Our sequence data reveal that as much as 21% of the genome may consist of 180 bp knob repeats in maize and its close (teosinte) relatives Zea mays ssp. mexicana and Zea mays ssp. parviglumis ( Figure 6B ). While some teosintes have knobs on nearly every chromosome ( Figure 6B , left), different accessions have different knob abundances, consistent with the fact the Ab10 and other knobs are segregating in these lines (Kato, 1976) . Given that the assembled genome size of B73 is $2.1 Gb ((Jiao et al., 2017) , excluding most knob sequences), an increase in genome size of 21% equates to at least $500 Mb of knob repeats-larger than the entire genome of some grass species (VanBuren et al., 2015) .
Knobs are located in gene-rich regions of the genome (Ghaffari et al., 2013). To address the question of how many genes have been indirectly influenced by meiotic drive, we created an F1 line that was heterozygous for Ab10 and knob presence/ absence on chromosome 4L and 6L ( Figure 6C ). As a control, we also created a line that was heterozygous for the same knobs but lacked Ab10. These lines were testcrossed as females and 90-92 progeny from each cross genotyped at markers across the genome. A comparison of the transmission data reveals clear peaks of segregation distortion associated with each of the knobs and Ab10 ( Figure 6C ). The regions affected by these three knobs included $172 Mb of DNA and $4,500 genes (of a total of $39,000 genes) (Jiao et al., 2017) . Given that maize and teosinte have at least 30 knob sites on 17 chromosome arms (excluding 10 L) (Kato, 1976) , our results suggest that Kindr has impacted the transmission of a substantial majority of maize genes in the last 12 mya.
DISCUSSION
The first efforts to understand the mechanism of meiotic drive and neocentromere activity in maize were carried out in the cytogenetic era by Dempsey (1985, 1986) , who showed that the control of neocentromere activity could be separated from the large terminal knob. A classical mutant screen was later used to identify suppressor of meiotic drive mutants that had lost meiotic drive but retained the complete Ab10 chromosome. One of these (Ab10-smd1) proved to be defective in neocentromere activity, providing direct support for the Rhoades model (Dawe and Cande, 1996) . Here, we identified a cluster of at least eight kinesin genes, the Kindr complex, located on the distal tip of the Ab10 haplotype. Molecular analysis demonstrated that both Ab10-smd1 and a second meiotic drive mutant (Ab10-smd12) are gene-cluster-wide epimutants that strongly reduce or knock out expression of Kindr. In the process of using RNAi to confirm the role of Kindr, we identified yet a third epimutant (Ab10-ki1). While epimutants are generally rare (Goettel and Messing, 2013; Weigel and Colot, 2012) , the fact that our mutant screens selected for low levels of expression from a multicopy gene may have favored their recovery. Similar epimutants have been described for the multicopy gene family encoded by the Pericarp1 locus in maize (Rhee et al., 2010) . The maize genome is replete with repetitive sequences and is also well known for epigenetic events such as paramutation, transposon silencing, and transgene silencing (Fedoroff, 2012; Hollick, 2017; Iyer et al., 2000; Slotkin et al., 2005) . Our analysis of Ab10-smd12 and Ab10-ki1 suggests that Kindr epimutants may differ in their methylation profiles but that a common feature is increased methylation directly over the promoters (Figure 3) .
Kindr is a member of the Kinesin-14A class of minus-enddirected kinesins that function in spindle assembly. In cell types where spindles are organized without centrosomes, such as Drosophila oocytes or plant cells, the absence of Kinesin-14A causes spindle poles to be splayed and unfocused (Chen et al., 2002; Hatsumi and Endow, 1992; Higgins et al., 2016) . In maize, one of the two Kinesin-14A paralogs is called Divergent spindle-1 because of its effect on spindle width and shape (Higgins et al., 2016) . Mechanistically, the kinesins perform this function by binding microtubules on both ends of the protein, where the N-terminal ''cargo'' end holds one microtubule while the C-terminal motor actively transports another microtubule alongside (Ambrose et al., 2005; Fink et al., 2009; Jonsson et al., 2015) . The N-terminal cargo domain of KINDR has sustained multiple changes consistent with the fact that it has evolved a new function in neocentromere activity. In vitro gliding assays demonstrated that KINDR is a minus end directed motor that moves at higher velocities than its closest homolog ZmKIN11 ( Figures 5A and 5B) . Further, KINDR localizes to neocentromeres ( Figure 5D ) and specifically associates with knobs containing 180 bp repeats and not those containing TR1 repeats ( Figure 5E ) as predicted by genetic data (Hiatt et al., 2002) . The sequence-specificity of the interaction suggests that KINDR either binds directly to DNA or indirectly through another protein that binds to 180 bp knob repeats. Our expression analysis suggests that KINDR is also present during mitosis ( Figures 2D and  5C ), where it may have no benefit and actually impair cell division and plant growth (Higgins et al., 2018) .
Sequence analysis indicates that Kindr shared a common ancestor with the maize gene ZmKin11 some 12 mya. This period of time not only coincides with the divergence of sorghum from maize, but with the doubling of the maize genome by an allotetraploidy event (Swigonová et al., 2004) . The structural changes to Kindr and its presence in a haplotype suggest it is the result of neofunctionalization of one duplicate of this event ( Figure S4A) , with a novel role in binding directly or indirectly to linked knob repeats on the proto-Ab10 chromosome. Subsequently, binding to knob sequences genome-wide generated conflicts between knobs, which are known to compete for neocentromere activity based on overall size (Kikudome, 1959) . The expansion of the Kindr complex may have helped to meet the demand of binding to all knobs while assuring the preferential segregation of Ab10. Given the age and success of Ab10, it is surprising that it has never gone to fixation, being consistently found at frequencies of $15% in most Zea populations (Kanizay et al., 2013b) . Recent results indicate that the low frequency can be partially attributed to deleterious fitness effects associated with reduced pollen and seed production in Ab10 homozygotes (Higgins et al., 2018) . Additional data show that some variants of chromosome 10 have TR1-containing knobs that can compete with Ab10 and reduce meiotic drive when paired in opposition (Kanizay et al., 2013a) . Epigenetic inactivation may be another means by which Ab10 is kept at low levels. Like transposons, Kindr is a high-copy selfish gene, and may be controlled in part by the same silencing mechanisms (Fedoroff, 2012) . The presence of an ancient pseudo-Kindr array on normal chromosome 10 that produces small RNAs suggests that specialized structural features may have evolved to facilitate the process of Kindr inactivation.
In the larger perspective, our results illustrate the potential of meiotic drive to strongly impact karyotypic evolution. In animals, changes in centromere size/strength can directly impact whether the chromosome is likely to segregate toward the egg cell along a spindle structural gradient (Akera et al., 2017; Chmá -tal et al., 2014) which in turn can drive wholesale shifts toward acrocentric or metacentric chromosome organization (PardoManuel de Villena and Sapienza, 2001) . The potential for centromeric sequences to take on selfish properties and influence their own transmission may have led to the epigenetic specification mechanism that controls their inheritance (Dawe and Henikoff, 2006) . In addition, there is good theoretical evidence to suggest that global recombination frequencies have evolved to combat processes similar to centromere drive and Ab10-mediated neocentromere drive (Brandvain and Coop, 2012) . Our data show that the impact of Ab10 on maize has been profound-adding as much as 500 Mb of new DNA and indirectly affecting the Mendelian segregation of the majority of genes. The fact that Ab10 has persisted and maize has thrived in its presence illustrates the ''fragile dé tente'' between selfish drivers and chromosome segregation that frequently occurs in nature (Lindholm et al., 2016) .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All maize plants were grown in Athens, GA, either in the Department of Plant Biology greenhouses or a field space adjoining the greenhouses. Temperatures in the greenhouses varied with the time of year but generally did not fall below 16 C or exceed 32 C. When grown outside, from May to July, temperatures were ambient. Experiments that involved directly visualizing neocentromeres were carried out such that meiosis occurred in October or November in the greenhouses. This is the only time of year we can reliably visualize neocentromeres in Athens, Georgia. We have occasionally seen neocentromeres in December, January and February as well, although maize grows poorly due to low light during these months. Since Rhoades and others visualized neocentromeres in field-grown material in the midwest, we suspect that neocentromere activity is more penetrant when night time temperatures are low, although we have not rigorously tested this hypothesis.
METHOD DETAILS Discovery and characterization of Ab10-smd12
Meiotic drive mutants were identified in an open pollinated screen that was carried over multiple growing seasons (Hiatt and Dawe, 2003) . The original Ab10-smd1 mutant was identified in 1991 in Hawaii (Dawe and Cande, 1996) and the Ab10-smd12 mutant was identified in Georgia in 2000 (and has not been previously described). The Ab10-smd1 and Ab10-smd12 mutants are not related by pedigree. In total, we screened roughly 13,000 plants for mutants of meiotic drive, suggesting that the frequency of Kindr epimutation is roughly 1/6500.
Although the meiotic drive phenotypes of Ab10 and its mutants are highly reproducible, neocentromere activity does not lend itself to useful quantification. Visible neocentromere activity is only observed in October or November in our greenhouses. To demonstrate that the key lines lack neocentromere activity, we carried out side by side analysis of meiocytes from Ab10, Ab10-Df(L), Ab10-smd1, and Ab10-smd12 lines during November of 2010 and 2015. Using FISH probes for 180 bp and TR1 knob repeats (see below), we confirmed by qualitative assessment that both smd mutants show no evidence of neocentromere activity at 180 bp repeats ( Figures  2C and S1B) . The loss of neocentromere activity the Ab10-smd1 line was also published earlier (Dawe and Cande, 1996) albeit without TR1 staining at the time.
The level of Kindr expression and DNA methylation in Ab10-smd12 may have changed as the line was propagated over generations. We used heterozygous material from the 2 nd generation, homozygous material from the 5 th generation, and heterozygous material from the 6 th generation as a part of this study. The generation used is noted for each experiment involving Ab10-smd12.
Continued
REAGENT or RESOURCE SOURCE IDENTIFIER BUSTED (testing for diversifying selection on Kindr)
Identification of Kindr mRNA from meiotically-staged anthers was prepared from heterozygous Ab10 and Ab10-Df(L) lines that had been backcrossed to the W23 inbred over six times. The samples were sequenced using 100 bp single end Illumina sequencing and transcripts from all libraries were assembled de novo using Trinity version r2012-06-08 (Grabherr et al., 2011) with default parameters. All libraries were aligned to the reference assemblies using the included Trinity wrapper script AlignReads.pl and bowtie, and expression abundance for each transcript was quantified using RSEM v1.1.19 (Li and Dewey, 2011) . All libraries were then compared by read depth to identify cDNAs that had at least one read aligning in Ab10 and zero in Ab10-Df(L), which were then ranked according to FPKM abundance. Kindr was the most highly expressed on this list.
BAC sequencing and contiging
A previously generated Ab10 BAC library with 4X genome coverage (Kanizay et al., 2013b) was probed to identify the genomic sequence for Kindr. A total of 23 BACs were identified as Kindr-positive and all were Illumina sequenced to identify subtypes based on SNP profiles. Based on this analysis, eight (C4, F6, B2, B9, E9, G11, B1, B10) were purified using the QIAGEN large construct kit (Cat# 12462) and sequenced on a PacBio RS II at the UC Davis Genome Center. Each BAC was sheared and > 20 kb molecules purified by BluePippin technology and sequenced on a single SMRT cell. Average coverage/BAC was over 1000X. The BAC sequences were assembled using SMRT Pipe analysis work flow (V2.3) such that each BAC was assembled as a single molecule. The vector ends were trimmed, and the BACs were joined together using Geneious software. This resulted in five sequence contigs, where C4 and F6 were combined into one contig as well as B9, E9 and G11. Kindr-F6 is missing part of the 5 0 end and Kindr-B10 is missing part of the 3 0 end because the BACs did not contain these sequences. BAC sequences are available from GenBank: Ab10_ Contig_C4-F6 (KX759199), Ab10_Contig_G11-E7-E9-B9 (KX759200), Ab10_B1 (KX759201), Ab10_B2 (KX759202), and Ab10_B10 (KX759203). A BAC known as E7 was also sequenced but proved to be identical and encompassed by BAC G11 and was later removed from further discussion. However, the name of the Ab10_Contig_G11-E7-E9-B9 contig still references this BAC.
Bionano optical mapping
Ab10 was backcrossed to the B73 inbred six times, then self-crossed to create a homozygous line. A single young ear (6 cm long) was used to purify high molecular weight DNA by Amplicon Express (Pullman, WA). The DNA in plugs was sent to the Kansas State University Bionano genome mapping service for Irys genome mapping using BspQ1 nickase (Udall and Dawe, 2018) . Data were collected to 104X coverage and assembled into 1959 CMAPs with an N50 of 1.83 Mb and cumulative length of 2356.16 Mb. The PacBio-sequenced BACs and contigs were nicked with BspQ1 in silico and used in a hybrid assembly with the Ab10 CMAPs using the Bionano Irys assembler v4704. A single CMAP containing four BAC contigs and seven of the sequenced Kindr genes was identified. The CMAP containing BAC B10 was manually aligned to the contig containing the other BACs based on a clear alignment of cut sites.
Validation that the Kindr complex is intact in Ab10-smd1 and Ab10-smd12 DNA from individuals homozygous for Ab10-smd1, Ab10-smd12, and Ab10 progenitor, as well as from an N10 homozygote (B73), were used to create llumina sequencing libraries. Libraries were prepared from 150 ng sonicated DNA using a Hyper Prep Kit (KAPA Cat# KK8502) with NEXTflex Methylated Bisulfite-Seq barcoded adapters (Bioo Scientific; Cat# 511912). Libraries were single-end sequenced with 150nt read-lengths to depths of at least 40 million reads each (> 2.5 x coverage). Reads were cleaned using Trim Galore! (version 0.3.7; http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The cleaned reads were then aligned to the B73 RefGen_v3 reference genome, to which the sequenced Ab10 BACs had been appended, using Burrows-Wheeler Aligner version 0.7.10-r789 (Li, 2013) with the BWA-MEM algorithm (default parameters). Comparison of alignment counts revealed similar coverage of all Ab10 BACs in Ab10-smd1, Ab10-smd12 and Ab10 progenitor. Data are available in the NCBI short read archive SRP082329.
Quantitative PCR Anthers undergoing meiosis and leaves from seedlings were ground using liquid nitrogen and RNA extracted using the RNeasy Plant Mini Kit (QIAGEN Cat# 74904). cDNA was prepared using the SuperScript III First-Strand Synthesis System (Fisher Cat# 18080-051). Real time PCR was carried out using the SYBR Green PCR Master Mix (Applied Biosystems Cat# 4367659) and assayed in a C1000 Touch Thermal Cycler with CFX96 Real Time System (BioRad Cat# 1855195). Kindr RTPCR primers flank the 1 st and 2 nd exon: oAH11
(5 0 -CCGGAGGTTCTACACGACAA-3 0 ) and oAH13: (5 0 -ATGTCACGGTCCTGCCTTAC-3 0 ). Control primers were from the LUG gene (Manoli et al., 2012) : LUGF (5 0 -TCCAGTGCTACAGGGAAGGT-3 0 ) and LUGR (5 0 -GTTAGTTCTTGAGCCCACGC-3 0 ). PCR was performed using an initial denaturing at 95 C for 10 min followed by 40 cycles of denaturation (95 C, 15 s) and annealing/extension (60 C, 1 min). For the analysis of Kindr expression in Ab10 and Ab10-smd1 and Ab10-smd12 mutants ( Figure 2D ), expression was measured from at least three different plants for each treatment and error bars represent biological variation. For the analysis of Kindr expression in individual plants from DH194 (Figure 4 ), error bars represent technical variation.
Measuring Kindr expression by RNA-seq Plants heterozygous for Ab10 (five plants), Ab10-smd1 (four plants), and Ab10-smd12 (6 th generation, three plants) were grown to the tassels stage. Whole 1-2 mM anthers, containing meiocytes undergoing meiosis, were ground using liquid nitrogen and mRNA extracted using the RNeasy Plant Mini Kit (QIAGEN Cat# 74904). Illumina libraries were prepared using a KAPA Stranded mRNA-Seq Kit (Cat# KR0960 -v2.14) and sequenced by 150 bp paired-end Illumina sequencing on an Illumina MiSeq at the Georgia Genomics Facility (Athens, GA). A modified version of the maize B73 genome v3.27 with an additional 100 kb of sequence from the Ab10 distal tip centered on Kindr-E9 was used for a reference (the region of the Kindr-E9 BAC starting with ''AAGCTTGAAGTCATGGTAAGTG AAAT'' and including all sequence until the next occurrence of ''AAGCTTGAAGTCATGGTAAGTGAAAT''). Reads were aligned using Tophat version 2.0.14 ( Kim et al., 2013) and differential expression of transcripts including Kindr was calculated using Cufflinks and Cuffdiff version 2.2.1 (Trapnell et al., 2012) . FPKM was normalized by adjusting the Ab10 homozygous sample to 1.0 and converting the Ab10-smd1 and Ab10-smd12 samples by the same ratio. The same anther mRNA samples used to measure Kindr expression by RNA-seq were also assayed by quantitative RTPCR and the results were similar, as shown in Figure 2D (the Ab10-smd1 mutant showed an 84% reduction in Kindr expression by RT-qPCR and a 92% reduction by RNA-seq).
The protein coding regions of Kindr genes differ by multiple SNPs, however, Kindr-B10 is not expressed, Kindr-G11 and Kindr-B1 are identical, and Kindr-E9 and Kindr-B9 are identical. Kindr-B2 is similar to Kindr-E9 and Kindr-B9 but contains one additional SNP. Instead of relying on this single SNP to identify Kindr-B2, we chose to pool it with Kindr-E9 and Kindr-B9. This allowed us to measure three classes of Kindr genes: B2/B9/E9, B1/G11, and C4. The SNPs used for quantification from RNA-seq are shown in Table S2 . To measure the expression of each gene class, the aligned reads were visualized using the Integrated Genomics Viewer version 2.3 (Thorvaldsdó ttir et al., 2013) and diagnostic SNPs were counted and recorded as a percentage of total reads for each replicate, such that the error bars in Figure 2F represent biological variation. RNA-seq data are available in the NCBI short read archive as SRP082329.
Targeted bisulfite sequencing
Leaf genomic DNA from two plants homozygous for Ab10, two plants homozygous for Ab10-smd12 (5 th generation), and three plants homozygyous for Ab10-smd1 were bisulfite treated using the EpiTect Bisulfite Kit from QIAGEN. Primers were designed using Zymo Research Bisulfite Primer Seeker. A region in the Kindr intron was amplified using primer JIG-251 (5 0 -AGTTGATGGTATGTTATTTATT GAATGGAG-3)' and JIG-252 (5 0 -AACTATATATCTTATTATCCCTCCTCACTAAACAAC-3 0 ). A second region, spanning exon 9 and part of exon 10, was amplified using primer JIG-253 (5 0 -TTTAGATTTTGAGAATTGAGTGGTGTAGGATAG-3 0 ) and JIG-254 (5 0 -AAACT AAAACACAAACAATACTAAAAAACTAAATAAC-3 0 ). PCR was performed on the bisulfite-treated DNA using KAPA HiFi HotStart Uracil + Enzyme (Kapa Cat# KR0413 -v5.17). PCR products were cloned into E. coli using the TOPO TA cloning kit (Thermo Fisher Cat# K457501). Between 8 and 12 colonies were picked for each sample and colony PCR was performed using M13 primers. PCR products were Sanger sequenced to give a total of 22 sequences from Ab10, 20 from Ab10-smd12, and 32 from Ab10-smd1. The results from each genotype were pooled and the results visualized using Kismeth software (Gruntman et al., 2008) .
Whole genome bisulfite sequencing and analysis Ab10/N10 heterozygous plants were used for whole genome bisulfite analysis: three Ab10 controls, three Ab10-smd12 (2 nd -generation), and four Ab10-ki1 (DH194-N3). DNA was extracted from 50 mg of developing ear tissue (4-6 cm stage) from each plant using a DNeasy Plant Mini Kit (QIAGEN; Cat# 69104). Between 800 ng to 2 mg of DNA from each ear was used to prepare MethylC-seq Illumina libraries according to the method of Urich and coworkers (Urich et al., 2015) (except that Mag-Bindâ RxnPure Plus, Omega Bio-Tek Cat# M1386-00, was used for purification steps). Five or six cycles of PCR were used to amplify the libraries. Libraries were paired-end sequenced on an Illumina NextSeq with 75nt read lengths. The cleaned reads were aligned using BS-Seeker2 (Guo et al., 2013) . A modified version of the maize B73 genome v3.27 with an additional 100 kb of sequence from the Ab10 distal tip centered on Kindr-E9 was used for a reference (the region of the Kindr-E9 BAC starting with ''AAGCTTGAAGTCA TGGTAAGTGAAAT'' and including all sequence until the next occurrence of ''AAGCTTGAAGTCATGGTAAGTGAAAT''). This resulted in 1.84 3 10 8 uniquely-mapped, properly paired for reads for Ab10, 1.57 3 10 8 for Ab10-Ab10-smd12, and 2.24 3 10 8 for Ab10-ki1.
To display methylation trends over Kindr and flanking regions, methylation values were calculated on 200bp intervals. Methylation values for intervals with low coverage for a specific sequence context (CHH, CHG, or CG) were averaged with their upstream and downstream neighbors, only for that sequence context. Any interval with less than five individual cytosines in the specific sequence context spanned by reads was considered low coverage. DNA methylation data are available in the NCBI short read archive as SRP064755.
siRNA library preparation and analysis Small RNA-enriched RNA was extracted from 50 to 100 mg developing ear tissue (4-6 cm stage) using the mirVana miRNA Isolation Kit (Life Technologies; Cat# AM1560) with Plant RNA Isolation Aid (Life Technologies; Cat# AM9690). Two methods were used for preparation of Illumina small RNA sequencing libraries. When analyzing early-generation Ab10-smd12 lines, libraries were prepared using previously described methods (Gent et al., 2014) . Separate libraries were prepared and sequenced from seven Ab10-smd12 ears and four progenitor Ab10 ears (both 2 nd -generation), all of which were heterozygous for Ab10. When analyzing siRNAs from lategeneration lines (Figure S2 ), libraries were prepared using a NEXTflex Small RNA Library Prep Kit v3 for Illumina (Bioo Scientific; Cat# 5132-05) with 12 or 13 cycles of PCR amplification and gel-free size selection and cleanup option. Separate libraries were prepared and sequenced from two Ab10-smd12 ears (5 th generation) three Ab10-Ab10-smd1 ears (7 th generation) and three progenitor Ab10 ears, all of which were homozygous for Ab10. Illumina sequencing reads of either 24 nt or a range from 20-25 nt were aligned using the Burrows-Wheeler Aligner version 0.7.10-r789 (Li, 2013) with the BWA-backtrack alignment algorithm, with parameters ''-t 8 -l 10.'' Uniquely mapping reads were selected based on MAPQ values of at least 20. The same B73 RefGen_v3 assembly with the addition of Ab10 sequence used for DNA methylation analysis was also used for small RNA analysis. Data were normalized by the total number of trimmed 20-25nt reads and coverage displays were produced with the Integrative Genomics Viewer (Thorvaldsdó ttir et al., 2013) . Small RNA data are available in GenBank SRP064755.
To identify potential trans-acting, Kindr-targeting siRNAs from pseudo-Kindr, siRNAs from homozygous N10 developing ears (Gent et al., 2014) were mapped to the B73 RefGen_v3 reference genome with no added Ab10 BACs using the same method. Reads that overlapped with pseudo-Kindr (from position 146146411 to 146222351 on chromosome 10) were identified and then remapped in the same way to the Kindr-containing 100 kb region of the Kindr-E9 BAC. The majority (87%) of pseudo-Kindr siRNAs are 24 nt in length.
RNAi of Kindr
A unique sequence containing portions of the first and second exons of Kindr was inserted into the RNAi construct pMCG1005, which is similar to pMCG7942 (McGinnis et al., 2007) , except that it contains the maize Adh1 intron inserted downstream of the ubiquitin promoter. The vector contains restriction sites to insert a sequence in reverse and forward orientation to create a hairpin structure joined by a spacer. The sequence (CCCCCCTTTCCAGTTCCATCCGAATCGAGAGGCCGAGGCGCCCGGATCCACCGCTCACCCC CGCTCCTCAAACCTCCATGGATCCACCGCTCACCTCCGCTCCTCAAACCTCCATGGATTCACCCGCCATGCCCGCGCGACGGAG GCGCCCGGAGGTTCTACACGACAAGGAGAACCCAGCGGACGCGCAGCCCGGAGAGCGCCAGCGCACCGCTGCCGGAACCGG GAGGCAGCCACTTGCGGGCGCGCTGCCGCCGCCGCCGCCGGAGTCTTTGCAAAATGAAGCTGATTTATTGAAGGAGGTTGAAA) was synthesized in both orientations by Genscript (Piscataway, NJ) with restriction site adapters added to the ends, such that the reverse sequence was cloned into the vector with AscI and AvrII, and the forward sequence was cloned with SacI and SpeI. This plasmid (pKin618RNAi) was used to transform maize (HiII) at the Iowa State Transformation Facility (Frame et al., 2002) . Five independent transgenic lines were grown to maturity and crossed to a line carrying Ab10 linked to the dominant R locus. Plants heterozygous for R_Ab10 and carrying the RNAi construct were then crossed as females to an N10 tester line where the data revealed that two of the RNAi lines caused reductions in meiotic drive.
Protein expression and purification
The cDNAs of Kindr and ZmKin11 were synthesized by Genscript and are shown in Table S3 . Recombinant GFP-Kindr and GFPZmKin11 were created by isothermal assembly into a pET-17b vector (Novagen) modified to include an N-terminal 6xHis-tag for affinity protein purification. Expression was induced in BL21(DE3) Rosetta cells (Novagen, Cat# 70954-3) with 0.1 mM IPTG for 12-14 hours at 20 C. Cells were harvested by centrifugation and pellets re-suspended in 50 mM sodium phosphate (NaP i ) buffer (pH 7.2) containing 250 mM NaCl, 1 mM MgCl 2 , 0.5 mM ATP, 10 mM b-mercaptoethanol, and 20 mM imidazole in the presence of a protease inhibitor cocktail and then lysed via sonication. After centrifugation, soluble protein in the supernatant was purified by Talon resin (Clontech) and eluted into 50 mM NaP i buffer (pH 7.2) containing 250 mM NaCl, 1 mM MgCl 2 , 0.5 mM ATP, 10 mM b-mercaptoethanol, and 250 mM imidazole. Protein was then flash frozen in liquid nitrogen and stored at À80 C.
Microtubule-gliding experiments
Taxol-stabilized polarity-marked microtubules with bright plus-ends were prepared as previously described (Hyman, 1991) . To make the polarity-marked microtubules, a dim tubulin mix (containing 17 mM unlabeled tubulin and 0.8 mM TMR-labeled tubulin) was first incubated in BRB80 (80 mM PIPES, pH 6.8, 1 mM EGTA and 1mM MgCl 2 ) with 0.5 mM GMPCPP (Jena Bioscience. Cat# NU405) at 37 C for 2 hours to make dim microtubules, and then centrifuged at 250,000 g for 8 minutes at 37 C in a TLA100 rotor (Beckman). The pellet was re-suspended in a bright tubulin mix [containing 7.5 mM unlabeled tubulin, 4 mM TMR-labeled tubulin, and 15 mM N-ethylmaleimide (NEM)-tubulin] in BRB80 with 0.2 mM GMPCPP and incubated at 37 C for additional 30 minutes to cap the plus ends. The resulting polarity-marked microtubules were pelleted at 20,000 g for 8 minutes at 37 C in the TLA100 rotor and finally re-suspended in BRB80 buffer with 40 mM taxol.
Time-lapse microtubule gliding experiments were performed at room temperature using a Zeiss Axio Observer Z1 objective-type TIRF microscope equipped with a 100x 1.46 NA oil-immersion objective and a back-thinned electron multiplier CCD camera (Photometrics). Briefly, flow chambers were made by attaching a coverslip to a microscope glass slide by double-sided tape as previously described (Popchock et al., 2017) and the chamber was perfused with anti-His antibody diluted in BRB12 and incubated for 2 minutes at room temperature. After washing away unbound antibody, 1 chamber volume of motor (KINDR or ZmKIN11) properly diluted in BRB50 supplemented with 20 mM taxol and 1.3 mg/ml casein was added to the chamber. After 2 minutes incubation at room temperature, unbound motors were washed away with BRB50 supplemented with 20 mM taxol and 1.3 mg/ml casein. Polarity-marked TMR microtubules diluted in BRB50 supplemented with 20 mM taxol and 1.3 mg/ml casein were then added to the chamber. After 2-minute incubation, unbound polarity-marked TMR microtubules were removed by washing the chamber with 2 chamber volumes of BRB50 supplemented with 20 mM taxol and 1.3 mg/ml casein. Finally, the flow chamber was perfused with one chamber volume of BRB50-based motility buffer containing 1 mM ATP, 25 mM taxol, 1.3 mg/ml casein, and an oxygen scavenger system. Time-lapse images were taken at 1 frame per 5 s for 5 minutes. Data from at least nine different experiments (chambers) for each kinesin, and at least 14 microtubules per experiment, were pooled for the data shown in Figure 5B .
KINDR antibody preparation
Antibodies were prepared by Pacific Immunology, Ramona, CA. Two peptides (Kindr(1-21): MDPPAMPARRRRPEVLHDKEN-Cys and Kindr(10-30): RRRPEVLHDKENPADAQPEER-Cys were injected into different rabbits, sera were pooled, and antibodies affinity purified against both peptides.
Protein blot analysis
Siblings plants either homozygous for Ab10 or homozygous for N10 were grown in parallel. Seedling second leaves, anthers containing meiotic cells, and $5 cm long young ears were flash frozen in liquid nitrogen. Tissue was ground to a fine powder and extracted in 1mM EDTA, 50mM Tris HCl, 10% glycerol, 150mM NaCl, 0.1% Triton X-100, 1mM DTT, and cOmplete TM Protease Inhibitor Cocktail (Roche Cat# 11697498001). Protein concentrations were determined using a Bradford assay and 20 mg of total protein was loaded in each well of a 12% Mini-PROTEAN TGX Precast Gel (Bio-Rad Cat# 4561043). Protein was transferred to a nitrocellulose membrane (Bio-Rad Cat# 1620168). All washes were performed using Tris-buffered saline with 0.01% tween-20 (TBST). The membrane was blocked for two hours using TBST containing 5% powdered milk. Anti-KINDR antibody was added at 1:500 and incubated overnight at 4 C. After washing, the membrane was incubated with blocking buffer containing Rabbit IgG HRP Linked Whole Ab (Sigma Cat# GENA934-1ML) at 1:5000 and incubated at room temperature for two hours. After additional washes, SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Cat# 34075) was applied and the results visualized on a FluorChem E FE0528 machine.
Fluorescence in situ hybridization (FISH), immunolocalization, and combined FISH-immunolocalization Analysis of mitotic chromosomes by fluorescence in situ hybridization (FISH) was carried out essentially as described previously (Kato et al., 2004) . Seeds were germinated for two days in moist vermiculite at 30 C. Root tips were removed and incubated in a chamber with nitrous oxide for three hours, fixed with 90% acetic acid on ice for ten minutes, and incubated in citric buffer (10mM sodium citrate, 10mM EDTA, pH5.5) for ten minutes. The meristem regions were cut from root tips using a razor blade and incubated in an enzyme solution (1% pectolyase Y-23, 2% cellulase Onozuka R-10 in citric buffer) at 37 C for 50 minutes. The reaction was stopped with cold 1X TE and the root material washed three times with cold ethanol. After most of the ethanol was removed, 32 mL of acetic acid was added. The roots were mechanically disrupted with a metal pick and 10 mL of the solution dropped onto microscope slides. A FISH solution (70 ng/mL sonicated salmon sperm DNA, and either nick translation-labeled sequences (Kato et al., 2004) , or FITC-labeled 180bp repeat oligos, Rhodamine-labeled TR1 repeat oligos, and Cy5-labeled CentC oligos in PBS (Kanizay et al., 2013b) were applied to slides and covered with plastic coverslips. The slides were heated to 72 C for ten minutes then left at room temperature for two hours in the dark. Following removal of the plastic coverslip and rinsing in PBS, slides were dried and mounted with a glass coverslip using ProLong Gold with DAPI (Thermo Fisher Cat# P36931). Coverslips were sealed with clear nail polish before imaging.
Immunolocalization was performed using a protocol modified from Higgins et al. (2016) . Meiotic anthers of Ab10 homozygous plants were fixed in fixative solution (4% paraformaldehyde, 1% Triton X-100 diluted in PHEMS (30mM PIPES, 12.5mM HEPES, 5mM EGTA, 1mM MgCl 2 , 175mM D-Sorbitol, pH6.8)) for one hour then washed three times in PBS. Meiocytes were extruded from anthers and immobilized onto polylysine-coated coverslips by centrifuging at 100xG for one minute. The coverslips were incubated in permeabilization solution (PBS containing 1% Triton X-100 and 1mM EDTA) for one hour then washed three times in PBS. The coverslips were incubated in a blocking solution of 10% goat serum diluted in PBS for two hours and washed three times with PBS. Antibodies were diluted in an antibody dilution buffer (3% BSA diluted in PBS). The primary antibodies were mAb mouse a-tubulin (Asai et al., 1982) diluted 1:200 and the pAb rabbit anti-KINDR (described above) diluted 1:100. The primary antibody solution was pipetted onto coverslips and left overnight at 37 C, then coverslips were washed three times with PBS. Following an additional two hour blocking step, a secondary antibody solution (containing Rhodamine-conjugated AffiniPure Donkey Anti-Rabbit IgG H + L (Jackson 711-025-152) and Fluorescein-conjugated AffiniPure Goat Anti-Mouse IgG H + L (Jackson 115-095-146), both diluted 1:200) was pipetted onto coverslips and incubated at room temperature for two and a half hours. After three final washes with PBS, the coverslips were mounted on microscope slides using ProLong Gold with DAPI (Thermo Fisher Cat# P36931) and sealed with clear nail polish before imaging. Data showing KINDR localization specifically at knobs was collected from at least eight meiotic metaphase/anaphase cells from each of four different homozygous Ab10 plants.
Combined FISH-immunolocalization was carried out using a modified version of the suspended coverslip method described in (Yu et al., 1997) . Fixed Ab10 meiocytes were incubated on coverslips for one hour in permeabilization solution. Coverslips were then suspended on a microscope slide using small broken bits of coverslips. A solution containing oligo probes (FITC-labeled 180bp repeat oligos and Rhodamine-labeled TR1 repeat oligos, see Kanizay et al., 2013b) was pipetted under the coverslip and the edges were sealed using nail polish. The slides were heated at 95 C for five minutes then incubated at room temperature for two hours in the dark. The coverslips were removed and washed, and immunolocalization performed as described above using the primary rabbit anti-KINDR antibody and secondary Cy5 AffiniPure Donkey Anti-Rabbit IgG H + L (Jackson Cat# 711-175-152). Coverslips were mounted on slides using ProLong Gold with DAPI (Thermo Fisher Cat# P36931). Co-localization of KINDR with knobs containing 180 bp repeats (and not TR1 repeats) was observed in 10 metaphase/anaphase cells from a single plant showing strong neocentromere activity. Cells were imaged on a Zeiss Axio Imager.M1 fluorescence microscope with a 63 3 Plan-APO Chromat oil objective, and data analyzed using Slidebook software (Intelligent Imaging Innovations, Denver, CO, USA).
Sequence and phylogenetic analysis
To characterize the relationships between Kindr and its homologs, we generated phylogenies and chronograms and tested for positive selection. All coding sequences were downloaded from GenBank with the exception of Panicum hallii, which was obtained from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). As no genome assembly is available for the maize relative Tripsacum, we generated local assemblies of the coding exons to include in phylogenetic analysis. Illumina sequence of Tripsacum dactyloides inbred line TDD39103 (SRR447804-SRR447807) was mapped to the coding sequence of ZmKin11 (NM_001305870) and Kindr using BWA-MEM 0.7.5 (Li, 2013) with default parameters, and mapped reads were assembled using phrap v1.090518 (http:// www.phrap.org/). The largest two contigs (Contig73 and Contig74) were trimmed at canonical splice boundaries (GT..AG) and concatenated to generate pseudo-CDS reference sequences for Tripsacum. These were aligned to a multiple-fasta of each exon of Kindr and ZmKin11 using mafft v7.245 (Katoh and Standley, 2013) . The code for assembling Tripsacum Kin11 and Kindr can be found at https://github.com/mcstitzer/dawe_ab10_kindr/tree/master/assemble_tripsacum/.
Sequences were aligned on the TranslatorX web server (Abascal et al., 2010) (http://translatorx.co.uk/) using the phylogeny aware PRANK algorithm that is guided by amino acid translations (Lö ytynoja and Goldman, 2005) . Phylogenies of the aligned sequences were generated in RAxML (Downloaded Aug 19, 2016; https://github.com/stamatak/standard-RAxML) (Stamatakis, 2014 ) using a GTR-gamma substitution model with 1000 fast bootstrap replicates, and the resulting tree was rooted on the branch subtending non-grass monocots.
We used this tree as a guide to test for diversifying selection on Kindr. The branch subtending all Kindr paralogs was used as the foreground branch in branch-site models implemented in BUSTED from the HyPhy package (Murrell et al., 2015) (http://test. datamonkey.org/busted). Because the first exon of Kindr is duplicated relative to other kinesin homologs, we ran the analysis twice, once with each duplicate aligned to the first exon of other kinesins. The analyses show 2.9% of sites in the kinesin alignment display elevated dN/dS ratios (mean w = 33.8) on the branch separating Kindr from other kinesins (likelihood ratio test of the model including episodic positive selection versus model without: p value 0.000036 when including the upstream duplicate, p value 0.0017 for the downstream duplicate). Of all codon positions, 16 sites show evidence of positive selection on the branch subtending Kindr, of which two are homologous sites in the duplicated region.
To estimate the timing of divergence of the Kindr copies alongside the degraded pseudo-Kindr exons from normal chromosome 10, we used a strict clock model in BEAST (Drummond et al., 2012) with coding sequences of each Ab10 Kindr copy, each N10 pseudo-Kindr copy, and ZmKin11 orthologs from Zea mays and Sorghum bicolor. We assigned a prior age of the divergence between Zea/Sorghum to 12 Mya (normal distribution; mean 1.2e7, standard deviation 1e6), assigned Sorghum as an outgroup, and used a GTR-gamma substitution model. We ran MCMC chains for 10 million generations, assessed for stationarity by eye in Tracer (http://beast.community/programs), and summarized the maximum clade credibility tree in TreeAnnotator (http://beast. community/programs). The code for calculating the ages of Kindr genes can be found at https://github.com/mcstitzer/ dawe_ab10_kindr/identify_haplotypes/calculate_ages_LTRs.R Identifying haplotype blocks Alignments of each Kindr paralog and flanking intergenic BAC sequence were generated using Mafft 7.123b (Katoh and Standley, 2013) . Alignments were modified by eye in AliView (Larsson, 2014) as repetitive terminal features of transposable elements (TEs) lead to inconsistent alignment. Due to the high repeat content of the maize genome, we anticipated most polymorphic indels would represent TE insertions. We characterized such indels for evidence of transposition based on conserved features of different transposable elements (5 bp target site duplication (TSD), long terminal repeat (LTR) for LTR retrotransposons; polyA tail, 11-20 bp TSD for LINE retrotransposons; > 11 bp terminal inverted repeat (TIR) and 2-11bp TSD for TIR DNA transposons). Candidate TE regions were extracted, confirmed, and classified to TE superfamily and family by highest blastn match to the maize TE database (http:// maizetedb.org) ( Table S1 ).
The process of transposition of LTR retrotransposons generates two long terminal repeats that can be used to identify the timing of insertion of the TE (SanMiguel et al., 1998) as these sequences are identical upon insertion, but accumulate mutations that differentiate them through time in the genome. We aligned the 5 0 LTR and 3 0 LTR of each intact LTR retrotransposon by eye and used a K2P substitution model to calculate relative ages using the R package APE (Paradis et al., 2004) . For TEs present in more than one Kindr paralog, we averaged the age inferred from each copy. We converted these relative ages to absolute time using a mutation rate of 3.3e-8 (Clark et al., 2005) , which was calculated based on intergenic and TE derived sequences.
To visualize how recombination has shaped the Kindr paralogs, polymorphic TEs were removed from alignments, and parsimonyinformative SNPs were used to characterize regions of identity by state. Adjacent runs of shared SNPs were polarized by relatedness to the intact terminal copy of the Kindr tandem array, Kindr-C4. The code for identifying and plotting haplotype blocks can be found at https://github.com/mcstitzer/dawe_ab10_kindr/identify_haplotypes/plot_haplotypes.R.
To address how the similarity of Kindr paralogs impacted our ability to map Illumina reads, we identified variants unique to any paralog. From the alignment of TE-free regions of Kindr paralogs (https://github.com/mcstitzer/dawe_ab10_kindr/blob/master/ identify_haplotypes/ALL_KINDR_TE_REMOVED_UP-GENE-DOWN.fa) we extracted singleton SNPs (variants found only in a single paralog) using custom scripts (https://github.com/mcstitzer/dawe_ab10_kindr/blob/master/identify_haplotypes/singleton_snps. py), and plotted their positions along each paralogous copy with polymorphic TEs removed (https://github.com/mcstitzer/ dawe_ab10_kindr/blob/master/identify_haplotypes/plot_singletons_supp.R). Positions represented by an ambiguous nucleotide were dropped from further analysis.
Estimating knob repeat abundance in Zea
The high-knob landrace (PI 628470), two Z. mays parviglumis strains (Ames 21889 and Ames 21826) and two Z. mays mexicana strains (PI 566677 and Ames 8083) were obtained from the Germplasm Resources Information Network (Ames, Iowa). The sequence data were originally used as input controls for chromatin immunoprecipitation experiments (Gent et al., 2017) where chromatin was lightly digested by micrococcal nuclease, size selected for 100-200 bp fragments, and Illumina sequenced (single-end 150 nt). Trimmed and filtered reads were aligned to a 180 bp knob repeat consensus sequence using BLAST with the parameters -e 1e-5 -W 7 -G 2 -E 1 -r 1 -q À1. Genome proportions were estimated by dividing the number reads matching the 180 bp knob repeat by the total number of trimmed and filtered reads.
Estimating transmission distortion genome-wide Ab10 was crossed in to a version of the W23 inbred (that is not identical to the traditional W23 inbred) 10 times, then crossed to B73 to create a F1 hybrid. F1s with and without Ab10 were then backcrossed to B73 as females. Purified DNA samples from the two populations (1 plate each) were sent to the Genomic Diversity Facility (GDF) at Cornell University for genotyping-by-sequencing (Elshire et al., 2011) . Genotypes were called by GDF using the Tassel5-GBS Production Pipeline using the ZeaGBSv2.7 Production TOPM file (Glaubitz et al., 2014) followed by imputation using FILLIN (Swarts et al., 2014) with the ''V5'' haplotype donors available at panzea.org. The raw GBS genotypes were then filtered for high-quality segregating sites. GBS tends to undercall heterozygotes, so sites with > 5% heterozygosity were removed (this cutoff was based on empirical distributions; increasing this value up to 30% did not affect the final results). Sites with minor allele frequencies < 5% were removed to exclude sequencing errors. Samples with significantly more rare alleles than average or with > 50% heterozygosity were flagged as potential outcrosses or contaminants and removed from the dataset. Samples with > 80% missing data were also removed. Finally, the resulting dataset was thinned to at most 1 site per 75 base-pair window to prevent SNPs from the same 64-bp GBS tag from being counted multiple times.
Transmission distortion was measured by dividing the genome into 50-SNP windows and calculating distortion based on a Chi-square test. For each window, the expected number of W23 and B73 alleles was determined by counting all such alleles across the N10 lines and comparing to the corresponding counts across the Ab10 lines. The count of individual B73 alleles in each window ranged from 1458 to 7447 (median 6675) and the count of individual W23 alleles in each window ranged from 659 to 3656 (median 2292). Some chromosomes showed regions where many SNPs had 0 W23 alleles (e.g., chromosomes 1S, 5S, and the long arm of 10L in the Ab10 haplotype region). Since most of the surrounding SNPs show normal frequencies, these regions are likely the result of alignment errors or presence-absence variation and so were excluded from the analysis in Figure 6C . This approach satisfies the general recommendation of having at least 5 counts per cell for Chi-square tests. The code used for this analysis can be found at https://github.com/wallacelab/dawe_ab10.
To determine the number of genes affected by transmission distortion of knobs, distorted regions were calculated as above but in sliding windows of 50 SNPs with step sizes of 10 SNPs to get finer resolution. A cutoff of p < 10 À20 was used to identify the edges of distorted regions on the long arms of chromosomes 4, 6, and 10. The edges of these windows were compared to the maize AGPv2 Filtered Gene Set to determine how many genes fall within these regions. The position for the knob on chromosome 4L (K4L1) is published (Ghaffari et al., 2013) . The position of K6L2 is an estimate based on unpublished mapping data from the inbred Ki3 (Ghaffari et al., 2013) . The closest marker to K6L2 in the prior study was PZA01672, which maps to position 148,633,258 of chromosome 6 on AGPv2. The LOD score for this position was less than 3.0, and so was excluded from the published work. However, there is a cluster of TR1 repeats in close proximity on the physical map suggesting that the location is correct.
The locations of the distorted regions associated with knobs and number of genes included are as follows (on B73 AGPv2): Chromosome 4, start coordinate 157630250, stop coordinate 241473504, genes included -2019; Chromosome 6, start coordinate 129472045, stop coordinate 162727151, genes included -1035; Chromosome 10, start coordinate 95119023, stop coordinate 150189435, genes included -1408.
QUANTIFICATION AND STATISTICAL ANALYSIS
Detailed descriptions of sample sizes and statistical analyses are provided in the Method Details. Brief summaries are given below.
Analyzing Kindr expression by RT-qPCR When comparing the expression of Kindr in Ab10, Ab10-smd1 and Ab10-smd12 lines by RT-qPCR ( Figure 2D ), data were gathered from at least three different plants of each genotype and mean and standard errors were calculated using Microsoft Excel. For the analysis of Kindr expression in individual plants from DH194 (Figure 4 ), error bars represent technical variation.
Measuring Kindr expression by RNA-seq When comparing the expression of Kindr in Ab10, Ab10-smd1 and Ab10-smd12 lines by RNA-seq, mRNA was extracted from at least three different plants of each genotype. Illumina libraries were prepared and analyzed from each plant separately. Kindr expression was measured as FPKM and standard errors were calculated using Microsoft Excel.
Measuring expression of each Kindr gene class
To measure the relative expression of each Kindr gene class in Ab10 and Ab10-smd1, aligned reads were visualized using the Integrated Genomics Viewer version 2.3 (Thorvaldsdó ttir et al., 2013) and diagnostic SNPs were counted and recorded as a percentage of total reads for each replicate. Means and standard errors were then calculated in Microsoft Excel and significance established by t tests.
Assessing DNA methylation by BS-seq To measure the DNA methylation profiles of Kindr genes in Ab10, Ab10-smd12 and Ab10-ki plants, DNA was extracted from at least three different plants of each genotype. The replicate samples were processed for BS-seq and viewed separately, but pooled for final analysis and presentation. No statistics were used in these experiments.
Characterizing siRNA distributions
To identify siRNAs homologous to Kindr genes in Ab10, Ab10-smd1, Ab10-smd12 and Ab10-ki ear tissues, siRNAs were extracted from at least three different plants of each genotype (with the exception of Ab10-smd12, where there were only two replicates). The replicate samples were processed and viewed separately, but pooled for final analysis and presentation. No statistics were used in these experiments.
Measuring kinesin gliding velocities in vitro
To quantify the velocity of KINDR and ZmKIN11 in vitro, data from at least nine different experiments, with at least 14 microtubules counted per experiment, were pooled for analysis. For KINDR, the velocity was 156 ± 30 nm/s (mean ± SD, n = 203 microtubules), and for ZmKIN11, the velocity was 79 ± 20 nm/s (mean ± SD, n = 183 microtubules). The difference in velocities is highly statistically significant (p < 0.001) by a two-tailed t test.
Assessing the subcellular localization of KINDR We observed KINDR localization at knobs in at least 8 metaphase/anaphase cells from each of 4 different homozygous Ab10 plants. We observed co-localization of KINDR with knobs containing 180 bp repeats by immunolocalization/FISH in 10 metaphase/ anaphase cells from a single plant. These data are qualitative and were not subjected to statistical analysis.
Measuring transmission distortion genome-wide Transmission was measured at markers across the genome from populations of 90-92 individuals. Regions of statistically significant transmission distortion were identified using a Chi-square test.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the BAC contigs containing genomic copies of Kindr genes reported in this paper are in the NCBI Nucleotide database: GenBank: KX759199 (Ab10_Contig_C4-F6), GenBank: KX759200 (Ab10_Contig_G11-E7-E9-B9), GenBank: KX759201 (Ab10_B1), GenBank: KX759202 (Ab10_B2), and GenBank: KX759203 (Ab10_B10).
The accession numbers for the Illumina datasets reported in this paper are in the NCBI Sequence Read Archive: GenBank: SRP064755 (small RNA data), GenBank: SRP082329 (RNA-seq data), GenBank: SRP082329 (low coverage genomic sequence of Ab10-smd1 and Ab10-smd12), and GenBank: SRP064755 (BS-seq DNA methylation data).
Software developed for interpreting the evolution of Kindr can be found in the github directory https://github.com/mcstitzer/ dawe_ab10_kindr, with specific links noted in the Method Details and Key Resources Table. Software developed for analyzing transmission ratio distortion associated with Ab10 can be found at https://github.com/wallacelab/dawe_ab10. Figure 2D ). The upper panel shows data from all ears assayed and the bottom panel shows the mean and standard error of the two genotypes. Only three of the Ab10-smd12 mutants (Plants 3, 5, and 7) were used for small RNA and whole-genome bisulfite analysis.
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